We have experimentally demonstrated superluminal propagation through a 500 m optical fiber using stimulated Brillouin scattering (SBS), which is the longest superluminal propagating distance reported so far, to the best of our knowledge. Brillouin-induced loss resonance for fast light generation of pump signals is achieved in a single frequency Brillouin lasing oscillator with a highly nonlinear fiber as the SBS medium. The single frequency operation is realized by embedding the saturable absorber fiber loop with an unpumped erbium-doped fiber. Consequently, signals with a pulse width of 710 ns experience a maximum advancement of 1330 ns. Furthermore, the effects of pulse width and the duty cycle of pump signals are also investigated. During the past decades, impressive progress in controlling the group velocity of light by creating sharp spectral resonance in dispersive media has been reported [1] [2] [3] [4] [5] . Slow light and fast light offer potential applications for optical variable delay lines [6] , optical signal processing [7] , optical communications [8], light-matter interaction enhancement [9] , microwave photonics filters, and temporal cloaks [6] [7] [8] [9] [10] . Recently, it has been shown that a rotation sensor based on fast-light technology exhibits enhanced sensitivity by a factor of 10 6 [11], which may bring benefits to detecting the gravitational frame-dragging effect [12] . Also, various approaches have been proposed to study fast-light ring laser gyroscopes [13] [14] [15] [16] .
During the past decades, impressive progress in controlling the group velocity of light by creating sharp spectral resonance in dispersive media has been reported [1] [2] [3] [4] [5] . Slow light and fast light offer potential applications for optical variable delay lines [6] , optical signal processing [7] , optical communications [8] , light-matter interaction enhancement [9] , microwave photonics filters, and temporal cloaks [6] [7] [8] [9] [10] . Recently, it has been shown that a rotation sensor based on fast-light technology exhibits enhanced sensitivity by a factor of 10 6 [11] , which may bring benefits to detecting the gravitational frame-dragging effect [12] . Also, various approaches have been proposed to study fast-light ring laser gyroscopes [13] [14] [15] [16] .
Slow/fast light based on stimulate Brillouin scattering (SBS) has become an effective way to engineer the group index [17, 18] . However, because it operates on a strong absorption band, the propagating distance and the time advancement of fast light is severely restricted. Although superluminal propagation based on a gain-assisted scheme has been demonstrated, the transmission distance of signals is extremely limited by the length of the ultracold atomic vapor [2] . Coherent population oscillation (CPO) [19] and cross gain modulation (XGM) [20] can be implemented to generate superluminal propagation in erbium-doped fibers. However, the dependence on a well-defined modulation frequency of light renders such schemes impractical. Recent research has reported low-loss superluminal propagation in optical fibers via Brillouin lasing oscillation [21, 22] . Owing to the perfect self-adaptation [23] and the linewidth narrowing [24] of the lasing Stokes, this scheme shows strong robustness and inherent stability in achieving anomalous dispersion at the frequency of the pump light. Highly nonlinear fiber (HNLF) has been applied to enhance the time advancement [22, 25] . Nevertheless, the superluminal propagating distance could not be extended by simply increasing fiber length since enough signal advancement is also required to support a group velocity larger than the speed of light in vacuum. To date, the distances of superluminal propagation in previous works have been limited to the order of 10 m [2, [19] [20] [21] [22] . However, long-distance superluminal propagation is expected for gravitational wave detection [12] .
The Brillouin gain can be enhanced by using a medium with a high gain coefficient [26] . However, longer fibers easily lead to saturation of the Brillouin gain [27] , and result in a limited Brillouin-induced delay or advancement. Therefore, the signal advancement and transmission distance of fast light based on Brillouin lasing oscillation was not intended to be significantly improved through simply using a longer fiber instead of 10 m single-mode fiber (SMF) in previous schemes [21] . On the other hand, a Brillouin fiber laser (BFL) with a longer-than-10-m cavity essentially results in multiple-longitudinal-mode (MLM) oscillation. This greatly broadens the Brillouininduced loss bandwidth at the pump light. The signal advancement is thus degraded since the advancement is inversely proportional to the bandwidth [26] . Consequently, the preservation of single-frequency lasing operation turns out to be a critical issue for long-distance superluminal propagation.
In this Letter, Brillouin-induced superluminal propagation of ultralong distance in optical fiber was experimentally demonstrated. In our scheme, a 500 m HNLF is used as the SBS medium in the BFL cavity. A saturable absorber (SA) fiber loop with an unpumped erbium-doped fiber (EDF) is utilized to guarantee single-longitudinal-mode (SLM) operation of the lasing Stokes wave. In our experiment, the pump signal experiences an advancement of 1330 ns and the group velocity is 1.48c (c is the speed of light in vacuum) in passing through the HNLF, which is the longest distance of superluminal propagation reported so far, to the best of our knowledge.
According to the Kramers-Kronig relation, the SBS gain/ loss process can introduce a change of the refractive index and thus manipulate the group velocity of the light. In a Brillouin fiber ring cavity, the circulating Stokes wave introduces a Brillouin-induced loss spectral resonance at the pump light. Consequently, the pump signals exhibit fast light propagation and the advancement is proportional to the circulating Stokes power (P cs ) in the cavity. Usually, a BFL with a shorterthan-10-m cavity operates in excellent SLM status since the corresponding free spectral range is less than the Brillouin gain bandwidth (20-30 MHz) in silica fibers [28] . However, the BFL with a longer-than-10-m cavity is supposed to generate a MLM oscillation. The MLM oscillation actually broadens the bandwidth of Brillouin-induced loss resonance and hence degrades signal advancement. Thus, SLM operation is a key issue in overcoming the fundamental limitation of superluminal propagating distance based on Brillouin lasing oscillation. The utilization of an SA fiber loop with unpumped EDF provides an effective tool to realize SLM operation [29, 30] . Along the EDF in the loop, a standing wave is established by two counterpropagating light waves. The spatial periodic distribution of the light intensity introduces a periodic variation of the refractive index [31] . Finally, a dynamic Bragg grating (DBG) is formed as an autotracking narrowband filter, which can be used to suppress the MLM operation.
The experimental setup for long-distance superluminal propagation in an SLM BFL is illustrated in Fig. 1 . The incident light from a distributed feedback (DFB) laser (λ 1550 nm) is modulated through a Mach-Zehnder modulator (MZM) driven by a function generator. The signal amplitude and DC bias for the MZM are properly adjusted to obtain an incompletely modulated pump signal, which is beneficial to Stokes generation and then improves advancement efficiency [21] . The modulation depth is only 10% of the pump signal amplitude. Here, the Gaussian pulse signal with full width at half-maximum (FWHM) of 710 ns and repetition rate of 500 kHz is generated. Then, the signals are amplified by an erbium-doped fiber amplifier (EDFA) and launched as the SBS pump into the BFL, which is composed of an optical circulator (CIR-1), a SBS medium, and a 10/90 optical coupler (OC-1). The circulating Stokes power in the cavity is 10 times larger than the output Stokes lasing power. SLM operation is maintained by an intracavity fiber loop consisting of a CIR-2, a 50/50 OC-2, polarization controllers (PCs), and an SA of unpumped EDF (400 parts per million Er ion concentration). The output Stokes from the OC-1 is detected by a photodetector (PD) and an electrical spectrum analyzer (ESA) at Port 2. The output pump signals are visualized on an oscilloscope triggered by the same function generator.
A tunable optical filter (TOF) is used to suppress the amplified spontaneous emission noise of the EDFA before detection.
To verify the importance of SLM operation on Stokes lasing, we carried out an experiment with a piece of 50 m standard SMF embedded between points A and B as the Brillouin medium. The total cavity of the BFL is 52.6 m, corresponding to a longitudinal mode space of 3.8 MHz. The RF spectra of the output lasing Stokes is monitored by the ESA as the output laser power remains 10 mW. When the laser turns off, the response of the PD is regarded as the reference in each measurement. In Fig. 2(a) , without the SA fiber loop, the output Stokes laser works on MLM operation and we observe strong periodic beat signals with a space of 3.8 MHz. When using the intracavity SA loop with 3 m EDF, high-order longitudinal modes are greatly suppressed. A longer EDF could offer a narrowerbandwidth DBG. However, more attenuation would be introduced owing to the absorption of the EDF. In our experiment, an SA loop with an 8 m unpumped EDF provides satisfactory performance on the SLM operation. In Fig. 2(b) , the output signals in all cases experience temporal boosts above the threshold. The signal advancement without the SA turns out to be saturated and even degraded when P cs exceeds 50 mW. By embedding the 3 m EDF SA loop, the advancement is extended to 280 ns at 110 mW P cs . A longer unpumped EDF of 8 m leads to stronger MLM suppression. Signal advancement is achieved with a maximum advancement of 395 ns under P cs of 210 mW. Clearly, SLM operation in BFLs overcomes the distance limitation of fast light propagation.
Compared with the SMF, the HNLF has a smaller mode field area and a larger Brillouin gain coefficient. Here, a 500 m HNLF with a mode field diameter of 4.0 μm and a nonlinear coefficient of 9.1 W −1 is used as the SBS medium. An SA loop with 8 m EDF is embedded to suppress MLM operation. Figure 3(a) shows output pump signals under different P cs in the cavity. Advancements of 340 and 900 ns are observed under P cs of 1 and 2 mW, respectively. As P cs increases to 5 mW, signal advancement of 1210 ns can be found. Because the CPO works at the frequency of the order of kilohertz because of the relaxation time of Er ions (∼10.5 ms), there is no noticeable delay or advancement from the CPO effect in the EDFA. Since the limited loss spectral resonance causes different frequency components to experience different transmission phases and amplitude responses, output signals with steeper leading edges and longer trailing edges can be Letter found under P cs of 1 and 2 mW. However, less pulse distortion is observed as P cs reaches above 5 mW. This is mainly caused by linewidth broadening of the lasing Stokes under the higher power. The effective Brillouin gain distribution corresponds to the convolution of the natural narrowband Brillouin gain spectrum with the normalized pump power spectrum [17] , which also applies for Brillouin-induced loss resonance [21] . The linewidth broadening under the high circulating Stokes power could broaden the effective loss bandwidth for the pump signals. Therefore, the pulse distortion of output signals is alleviated when P cs > 5 mW. The disadvantage is that the broadening also results in saturation of the advancement. As shown in Fig. 3(b) , signal advancement cannot be effectively improved by increasing P cs beyond 5 wM. The advancement is found to have a maximum of 1330 ns, corresponding to a fractional advancement of 1.87. The group velocity of the HNLF is given by 0.67c when the refractive index is typically 1.47, without any nonlinear effect. Considering the transmission distance of 500 m HNLF, the maximum group velocity is 1.48c with P cs of 10 mW, while the minimum group index is 0.67. It is worth mentioning that the utility of the HNLF instead of the SMF reduces power requirements for the desired advancements by 1-2 orders of magnitude.
In Fig. 4 , the RF spectra of the output lasing Stokes is measured to clarify the longitudinal mode feature. Without the SA loop, obvious MLM operation is observed when P cs is 10 mW. By using the SA loop, a suppression of 20.7 dB of MLM operation is found. Moreover, the longitudinal modes increase as P cs varies from 5 to 10 mW. A higher optical power in the SA fiber loop results in a larger index change in the EDF [31] , degrading MLM suppression. The MLM lines broadened the effective loss bandwidth at the pump light and thus degraded the advancement.
A single-shot experiment is also implemented to verify the fast light effect in this scheme. The pulse separation of modulated pump signals is set to be larger than the propagating time of 2.5 μs through the 500 m HNLF. Completely modulated pulses of different widths are injected into the cavity. In Fig. 5(a) , the measured advancement of the pulses increases as P cs varies from 0 to 2.5 mW. In particular, the signals with the wider pulse width exhibit a larger advancement under the same P cs since pump signals with wide pulse width are expected to experience multiple Stokes lasing round trips. In Figs. 5(b) and 5(c), the signals with the pulse widths of 0.5 and 5 μs undergo the fast light effect as P cs increases. The advancement and pulse distortion of the 0.5 μs width signals are relatively small. However, the 5 μs width signals experience larger advancement and suffer from worse pulse distortion.
Moreover, the impact of the duty cycle for the advancement is investigated, as shown in Fig. 6 . Pump signals with pulse width of 0.49 μs and different duty cycles of 20% and 50% are launched into the fiber cavity. As P cs increases, the advancements go up with a slope of 27.4 ns/mW under the 50% duty cycle and 4.7 ns/mW under the 20% duty cycle. This indicates that signal pulses with large duty cycles can enhance signal advancement since the pregenerated circulating Stokes light can provide multiple SBS interactions for successive signal pulses. It is worth mentioning that incompletely modulated pump signals with strong DC components can greatly enhance the lasing Stokes generation and advancement efficiency, because the Stokes light always circulates in the cavity [21] . Therefore, we use weakly modulated pump signals in the above experiment to obtain advancement of 1330 ns. Along the optical fiber, most of the power transfer in the SBS process occurs within the first 20% of the fiber length [32] . This indicates that most of the advancement occurs in the first 20% of the length. For application, the fiber length and the advancement in our scheme require precise design. For instance, the sensitivity enhancement in a superluminal ring laser gyroscope can be obtained if the group delay is optimized [16] . Note that the utilization of a unidirectional attenuator/amplifier in the junction of the fiber segments could provide a solution to the gain/loss saturation along the long fiber [33] .
Additionally, MLM operation of Stokes lasing under high power could lead to instability of the system, which renders the scheme impractical for applications. However, combination with other SLM techniques, such as sub-ring resonators [34] , should provide further optimization. Another main limitation involves generation of the second Stokes, which could reduce the power of the first Stokes. Although the nonresonance pump scheme [28] avoids second Stokes lasing oscillation, the high-power first Stokes can even generate the second one when the pump power increases to ∼400 mW in our experiment.
In conclusion, we have demonstrated superluminal propagation through the ultralong distance of 500 m based on SLM Brillouin lasing oscillation. SLM operation in a long-cavity BFL is achieved by utilizing an intracavity SA. Maximum advancement of 1330 ns and fractional advancement of 1.87 have been observed. Although the restriction of the delay-bandwidth product still applies in the proposed scheme, the scheme offers advantages of extended advancement, scalable propagation distance, and low-power operation, which suggests possible applications in hypersensitive sensing, gravitational wave detection, temporal cloaks [35] , and others.
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